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.R SA ,C i .789

EFFECTS OF ARTIFICIAL AEROSOLS.
METHODS OF SYNTHESIS AND ANALYSIS OF

SUBMICRON AEROSOLS

''liowing is a translation of an articl by Professor Dr.
Alexander Goetz and Tamas Kallai of the California Inst I
tute of Technology, Pasadena, California, in the German-
language periodical, Fortschritte der biologischen
Aerosol .Forschung, 1957-1961 (Progress in Biological
Aerosol Research, 1957-1961) pp. 264-274.j

Introduction

Our. knowLedge of the morphology of submicron-aerosols is highly
limited the moment the particles no longer present the features of
homogeneous units in proper phase relationship, which appears seldom to
be the case. A large part of air colloids which are produced both in
nature and in large cities are apparently heterogeneous and are able to
change their composition by contact, for example, with physiological tis-
sue surfaces, when suspended in air. If, then, as a result of this
contact one component of the particle substance (or the whole) is brought
in contact with the surface and reabsorbed there, then even very small
mass concentrations can bring abott serious synergetic irritation (1).
In carrylg out such investigations, it is always important to know
whether for any given (chemically indicated)concentration of an irritant,
it. is dispersed molecularly, i.e., as gas components, or entirely or
partially as particles of the same order of size as found in colloids.
The chief difficulties in such investigations lie in the fact that the
usual methods of chemical indication (presence and concentration) do not
indicate the micromorphological condition of the irritant, while
physical separat Lcn out of the colloidal component for the purpose of
special analysis does not give any guarantee that gas traces attached
loosely to the particle are not rerbsorbed, since most methods of sepa-
ra-n (f:Aizration.. impingement, thermal and electrostatic precipita
tl-n) dras,--a-LY change the state of equilibrium between particle and
gas.o It is probable, then, that these very same loosely bonded irritant
traces shuw the most powerful synergism due to their ability to become
quickly 1;ransferred to the tissue surface on contact, and the experi.-
men.al data available also points to this conclusion.

The basac difficulty pointed to above. therefore. seems to be
an examp,.e :f the classic paradox, according to which the act of taking
obsor-ra-:.ns basic:Ly changes the observed system, thereby rendering

efaLs. e unless suitable precautionary measurement rules are
used (,r a~r(d uncertainty.
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_ Ytiihtic 1,roductioll oC ~oo .~ v1: off ,u1c.

It is, tharcforu-., n~Cc ;sry in zrytoi-irtic on~t~~incf' tho
conotit-ution of particl.n.; to dovolop n i iothod azhich 2.1cm~).l olc. to
1:umff11.cturn such .,,ir-co.ii1. ; ,t~u ynth et ic al],y --nd to caurx-y out

:icac-uro',&nt:- ove-r l~.~.rV:Lry]ing,. rr=,c of conditions ,.nd fl2'ajurc
their bohavior on contact Arth -:urffaco.3. It i.-, thc'r-foro, necoo >tryf to
continlic -to -noducc' .1 'ie.7o do rincd c'tc.. yt' in tho fnr_ ofa
contiLnuous st rox which is ',now:n in rcnerv-ctto Ut.C(,citi).mo
ofi oartlcL Azos and concntr tion a--nl which cm)- 'L: rca!..dily oV~.ucd
in Is-3 tr: ces t~c iGa invnsti yytcd rarc thcn Ldinto t'.ii3 , stemn and

-~.'~ > inaionis ;:dadc off the11ir -i.ccurulation o,. tho 'basis of' tii hes~
in particle size. :f once succeeds in quantitn.tively controllin- the
aonst.nt ot : am of tracec.: .. nt herey controlli. its- concentra-
tion in th3 aerosol sto;,one cao then datci-'2ine thc mass off the
ccui:ulated trices '0Y 'Che incre.-so in 2,articlc di,1tr-,etor off the aoro.,ol
and t~ierelby brin,.. it in dire:ct relation Aith the indic'atecd conc:,ntr.otion.

Th 7 y,.ethod, therefore, uses in princiri le a continuous straig1ht
lenGth of cylindrical Z4ass tubo, 61 c-.--.. in diameter. '.7iL tub;: -*c, .:iadc
u, of a riumrbcr of tubular pieces joined together ;itjh -;ir-t!,;ht co-1-nec-
tions. Tho constructional dosign can be varied over a 4ide razig- ;.ccord-
inG to the --,urose for 'which it is to be used and is re-OresentCed
schemuatic ally in iUre1

Figure 1, Part 1.

F4 Aerosol generator with
device for irricdliatc rarifi-
cation of the -:erosol usin.

V4 ~a variable -Lddition of )uro
2 air having defined and

H adjustable huiiidity.



Oi i oorosol -cncrator (on the in Ct) is the first unit of the
. It can bo used to -provide ,.diate rarefaction of the

-nro,3ol by, ieins of : . v.'riibl., addition of pure air of defined and
Va'riable hu:m-idity, thereby decreasing the variation in th- spectruih
of .,article siz 3 due to coagulation and. prei:aturc fll-out durin;. the
_'irther course of the str~ui.

\ streavi of air under pressure supplies the aoparatus at three
tap connections (I, II, iT), which riakes it possible to control the
$u )]v; to e.ch arr o' the streavi through needlc valves (7 V,, V),

..>ieh cnb i'sritr (, ">,, b). filtration through

...e::brane filters (F0, Y, 3) also takes -:,Acz scparately for vach arm.

Te first armn (I) 6upplics a compressed air atomizer (a), which is
;re~erably kept at a constant temperature (T) in a water bath to
thoroughly com.pensate for changes in the aerosol formation caused by
temiperature changes (hoat of vaporization). After bein filtered (F)
tho air can be ::-ade to flow either directly through (t2i) or, if so

desired, .?artially through tube ("i, ,.hich :u¢es it possible to enrich

the streau,, of air urith additional gaseous substances (for example,
traces of olefines, etc.), which could :ffoct the formation of the
aerosol in the i-tomizer.

"lie streams through arms (II) and (III) are used to rarify the
..to iized aerosol; strca,u;, (II) runs through the receiver (D) in the
line, while (III) runs through (H), bubbling through the cha;iiber filled
,Ath distilled water and carbon filter clements (to achieve a high
Vioisture content), being filtered through (F 3 ). 3treams (II) and (III)

unite at (F4 ) where they are filtered ag.in. "ith proper setting of

(. ) nd ('" 3 ) the behavior of the stream and along with it the relative

hunidity of this secondary streali of air can be varied over a wide
range (10;4 to almost lO0,;), which plays a vex-j important part in the
ianufacturc of hygroscopic aerosols.

__r p

Figure 1, 'art 2. Unit for varying the concentration
of aerosol in the ,main tube and device
for constant injection of trace com-
ponents of ga,.Jeous reaction partners in
veIrr low concentrations.



The (C2 ) unit (see Figure 1, Part 2) first o( all makes it possible

to partially decrease the concentration of the aerosol by drawing off
given velocities through a radial ring (WI ) of glass wool, using flow

meter (R.). The material drawn up through (R1 ) is replaced in the next

jet by an equal quantity of pure air, having the same velocity of flow
(R 2 ), which passes through filter (S) before entering the main tube.

This way of varying the concentration is required because it is.impossible
to change it in the atomizer by varying the air ,pressure, since, of
necessity, so doing would disturb the distribution of particle sizes. This
method keeps it the same and merely brings about a measurable rarification
of the aerosol components in the mainstream.

The sections of tube which follow are used for constant injection
of traces of gaseous reaction partners in ,ighly rariflied form (see .
below). One unit of this kind is connected into the main tube for each
component to be added. Each unit consists of a glass Jet coaxial with the
main tube and prenetrating into the main tube through the latter"s side
iall. The upper end of each unit has a vertical opening and a horizontal
"branch with open end. The vertical branch' serves as an air-tight container
for a thin glass capillary which is fed by a glass injection piston.
(50-i00 ml). The capillary tube is designed so that the gas-filled spray
under the weight of the injection piston forces 1 to 2 ml/minute into
the main tube. In order to avoid uneveness in the rate of speed at whidh
the piston moves downward caused by friction with the glass wall, the
piston is kept spinning rapidly against an impeller wheel (not shown)
acted upon by a tangential stream of air, the impeller being attached.'to.
the upper end of the piston, This method makes it possible to have a
constant speed of flow of the gas content out of the capillary tube
within approximately 2%, during a test period of about 30 minutes.

The horizontal branch is used to supply a neutral ga. (Argon),
which reduces the strength of the flow from the capillary by 100 to 1000
times. Either Argon or pure nitrogen is used as a rarifying medium. and
the velocity of this stream of gas is correspondingly adjusted. This
precautionary measure prevents premature reaction between the trace com-
ponent and the walls on the one hand and, on the other hand, favors rapid
homogeneous mixing in themain tube. Ozone or oxides of nitrogen (NO or
NO2) were used as oxidizing trace components, while unsaturated hydro-

carbons were used in the second unit as photochemical reaction partners
for the f1rmer. n order to achieve the necessary degree of rarifida-
c.on (i0'* tl 10) )the reaction components were previously mixed in a
ratlo of 1 10 to 1: i00lwith argon in the piston injector chamber.

- Unit (C3) makes it possible to subject the stream in the main tube
Itc Isothermic lighting by means of twelve mercury-vapor fluorescent

lamps (f) arranged symmetrically around the tube (see igure 1, Part 3).
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5igure 1, .>art , Dvico for isotherric lighting of the
.a..n -n tube, using 1:. mercury-vapor
fluorescent laips. (Temperature varia-
tions of the aerosol stream less than
10 D.)

Each luaip e:;its on a wave length of 160 cm radiation in the range between
3200 and .':500 angstrows, i.e., in an area of the spectrmii which
corresponds to the short-wave portion of solar radiation in the atmos-
phere at ground level. Thus photochemical reactions in the lower layer
of the atmosphere can be artificially produced in the aerosol stream.
In order to prevent heating by such intensive radiation (1,200 watts),
the fluorescent lamzps lay enbedded in a coolant liquid which flowed
inside the outer tube, and this coolant circulated around the inner main
tube so that in spite of an intensity of radiation of about 40,000
lumens per liter, which in this range of the ,pectrum represents six to
ten time that of the sun, the heating of the aerosol stream did not
exceed 1 C. -n the same way photochemical reaction products are brought
into being in nature, too, under practically isothermic .onditions. A

of seven transformars allows one to varj the radiation intensity
syiu.etrical1.y between frorm two to twelve lamps, so the effect of the
radiation intensity on the reaction uroduct and on its power to accumu-
late on the aerosols and the accompanying change in the spectrum of
particle sizes can be measured.

....i q- _ . h .
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m n

Figure 1, T'art 4. Device to bring the aerosol to
correspond to physical. conditions
which reign during inhalation. (cody
temnerature, stirring uLith saturated
:-.,ter vapor, 3C seconds duration).



The vertical tube connections (m and n, Figure 1, Part 4) are for
connection tL' ihe aerosol spectrometer as described later.

Uxts (C4) enables one to find the change in distribution of

paricle sizes in the aerosol, when the latter is raised for about 30
secnds to body temperature and is brought near to saturat-ion with H20,
i.e., when it is exposed to the physical conditions which accompany
inhaalation. (C4 ) consists of a glass tube, the inner wall of which'Is
coated with a layer of felt (f) about 1 cm thick. The inner surface of
the layer of felt is formed by a cylinder made of fine-meshed wire net-
ting (s) and the outer wall of the tube is warmed to body temperature by
a spiral electric heating element (h) extending evenly along its entire
length (approximately 1.3 meters). Although the geometry and dimensions
of this unit are far different from those of the respiratory pas sages,
the time during which the stream remains In them is long enou.gh to
achieve a comparable condition heat and humidity, so that on taking
samples at (m) and"I-n) from unit (C4 ). the spectrum of particle-size
distributions should be seen to approach the conditions in the deeper
respiratory passages.

The connecting up of CI , C2 9 C3 and C4, one to another enables

one to synthesize aerosol systems over a wide range of variations under
constant dynamic conditions and to test changes in particle size or the
distribution of masses caused by the passage through each section of-
the main tube.

The distilbution of particle sizes according to number or mass
in kinetic particle diameter (d) according to Stokes, was determined by.
the aerosol spectrometer over the range. of 0.03 to 3 microns, inclusive.
As has been described elsewhere (2,3)in complete detail, the separa-,
tion of the particles out of a laminar, continuous 'tream of air took
place radially in a centrifugal field (430,000 G) under almost
iiothermlc and isobaric conditions on the inner surface of a conical
rotor '(Figure 2), which drew in the air test through the inlet tube (i)
at a rate of 2 to 7 liters per minute, depending on the test conditions,
The rot-or was cooled by a coaxially arranged casing through which a
coolant flowed. The rotor temperature was measured through the
scldered J in.s (9) of a thermopile, whose respective soldered jo2nts
were hel d a-. ',he temperature of the 'stream in the main tube by a stream
&rawr. in through cormecting tube (n). Thus the temperature of the rotor
caused by- air friction (speed >24,000 rpm) was measurable to 0o C,
It is DOssiQbi,, by controlling the temperature of the cool.ant' ltquid
Oasing a refrigerator) to.compensate for this difference, By so doing
.i the distribution of particle sizes due to condensation or
evap'ra.: n cf the particles during separation are avoided. E-aluat-cr,
of +he aistr~bit.on of particle sizes (see beicw) of the aercsC2L

p .' .. e d therefore' approach corresp.,ndence wiJh that of the
su&-ezded in. air ..ond ition.
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Figure 2. Aerosol spectrometer

Under those conditions the farthest point of fall-out or pre-
cipitation of a plirticle on the wall of the rain tube is given, even
throug..h its path in flight in a radial direction crosswise to the lalinar
streezai, which is deteri inod in turn by the "kinetic particle-diaweter"
(d) in accordance %,Ith the 'tokcs-Cunningha:i law of fa: lling bodies. Thus
(d) is defined in accordance with the geoietrical position of the
particle in the :all-out, independcnt of changes which the oarticles

:-vy hcw undergone a-ftcr stri.ing agel nst the waall, as long as they
,ro still identifiable as such, i.e., are still susceptible to bein,
counted. Tho quan'Titative relationship bct:con (d) and the point of
.. -out i; defined by calibration against nono- and mnutidisperse
poly-,tyrcne aoerosols. In respect to details and the analytical methods,
rnferencc i;ust be .ide to the pertinent literature on the subject.

±his .ethod, therefore, malkes it possible to quantitatvelyr
d tfr.iin. ,ro.,i the change in distribution of oarticlc sizes of a
hysically and chciically defined aerosol whether and to .hat e-tent
dded r-ascous trace components or Lhoir reaction products can accu.:u-

late on the particles tested, i.e., what relationship e} sts between
the. ,iolccularly dispersed and the colloidal phase portions of such sub-
stn e;. C.

.Iention is ',ade in the follow-.ing of the quantitative relation-
ships rcsultin froi, this arrangerent:

a. The concentration of aerosols in the stream of the iain
tube, calculated in terms of mass (grans/na), neglecting (C2) (Figure 1)

-7-



is given by the (a' ) produced in (CI) and the volwuo of air (F1 )
added there, plus the (F2 ) taken up in 0 and the ?urthr added

volume (F3 ) as:

- , 1 1 F (S 1  + )
a a 1 4'2 1

b. The concentration, in terms of voluine (ml/;rl air) of the
gaseous trace elements added to (C2) i defined as follows:

If (Vp) signifies the content in volume of the piston injector,

(1 ) the volune of jas traces fed in, (F ) the volume pouring from the

capillary (see above) per unit time, ( the str.a-, of argon or nitro-

gen added to it, thcn -he concentration by volume is given by;

C if . F P -(2)

g (Fv + F1  F2 + F3)

The amounts required from the individual added flows to create a given
value of (C.) are thus, in any case, easy to calcuLate, so that the

only requirement uhich must be fulfilled is that the total amount of
aaterial in the stream in the main tube mst be considerably greater
than that which is drawn up by the aerosol spectrometer.

c. The total volume (Vc ) of a condensate on the aerosol

particles of previcusly Inown size (d ), whose kinetic diameter has

become enlarged to (d), can be found by the following simple considera-
tion:

Vc = 0,52 1. (d3 _ d30 ) oder: d/d 1.9= 1 oC + 1 (3)

where (1q) is the nuiber of particles :er nl. This is only valid when
(:) remains constant, which ;ieans that no new particles are formed
as a result of the reaction. This relationship shows that the effect
(i.e.: d/do) for a given value of (Vc ) becomes greater as values of

(:) and (d0) decrease, so that for (Vc = constant) the decrease in

U; a) to (' a) in equation (1) must give an increase in (d), trhich as

j first approxiination appears to be inversely proportional to the
cube root of (!;) and which can be predicted from equations (1) and
(3). I s a result of this one is able to.check against the results
qu:intitatively, and systematic discrepancies in results (for example,
as a result of the i'elvin-effect) can be ascertained.



Test Results

'he wethod described above was evaluated by testing it on
photo-oxdation of hydrocarbons containinIg olefines in the presence of

(105 ) of 10O, (Haagcn-sit Reaction) (N, 5). To test equation (3),
wonodisperse Polystyrene-Latex onliions were used, whereupon both (IT)

and (do) were varied. Figure 3 is a photographic reproduction of three

aerosol spectra, the upper having a diameter (do = 0.57 Ucrons), the

lower (d = O.? -microns), for equal trace concentrations (C ), flow

rates in the main tube, tenperatures and relative hurirflties.

Figure 3. Aerosol spectra which show the photo-
o~ddation of hydrocarbons containing olefines
in the presence of NO 2 traces. Iore detailed

description in text

This t5pical example does not show any change in (d ) in the

absence of light (left row), that is, the same spectra of particle size
as in the absenec of the gas traces. The middle row clearly shows an
eonlargement (d/d0 grcater than 1), when the flow in the main tube in

(C3), Figure 1 is subjected to radiation by six lamps (approxiately

20,000 lu ens/liter) over a period of about 40 seconds. The row on
the right shous only a very slight increase in size of the particle
diameter after inacimm radiation for the same period by 12 lamps.

The quantitative evaluation for the upper row was (d/d0 = 1.9)

for si.: lamps and (d/d = 2.4) for 12 lamps, which means an increase in
voluime of the particle? of 7 and 14 tines, respectively.

-9-



The lower row gives (d/d0 = 1.5) for six lamps and (d/d0  2.2)

f':r 12 lamps, whereupon attention should be given the fact. that (N) was
crrespondingly greater for the smaller. particles than for the larger
ones in the upper row. It should be noted that the gravimetric (in
centrifuge field) change in weight for individual particles was found

to correspond to an order of size of lO"14 Gm.
Similar attempts were made to polydisperse propylene glycol

aerosols colored with methylene blue. The distribution of masses, that
is, their displacements according to larger or smaller (d) values were
determined colorimetrically with qualitatively similar results.

Although the use of this method on the morphology of aerosols
is in its infancy, the material. which has been accumulated as a result
of hundreds of experiments not only suggests its general applicability,
but also has already given indication of the following:

a. Maximum radiation (under isothermic conditions) in pure air
brings about. no measurable change in the distribution as to size of
particles latex, glycol or paraffiA aerosols.

b. The same is also true for the present of olefines and NO2

traces as long as they are present alone.
c. In the absence of aerosols, i.e., colloid-dispersed sub..

stances, the application of light radiation tQ co-existing traces of
o)efines and NO2 leads to the formation of aerosols having extremely
fine particle sizes. This points to the- possibility of auto-nucleation.

d. Such co-existing traces of olefines and NO2 in the presence
of aerosol particles show a very intensive capability of association
with them when subjected to light radiation. If their density (N) is
sufficient.., then no "measurable quantities of auto-nucleated particles
can be found. For lower values of (N) they r "re their appearance in
increasing quantitie This appears to satisfy theoretical considera-
tions, since accordiP4, to the theory of Gibbs, the configuration of the
smallest surface energy must have preference, instead of newly forming
sLcnr s-rlaies through direct association.

Concluding Remarks

The method of synthesis of gas-aerosol systems herein described
gives: promise within the framework of the spot tests made to date of
making it possible t, go deeper into the morphology and formation of
such systems than coud hayfbeefi done in the past. This method enables
ore to 2nvestigate the effect which particulate substances have in
respect t.0 Their hydrophobic or hydrophilid, as well as their hygroscopic
and ectro+yt_ .. properties, on their possibilities of association with
gas -races. The latter appears to be important as a way of evaluating the
mechamLr.sm of reabsorption upon the penetration of such substances into
t e resp-.rat.cry passages, a process which will apparently be rendered
accessible tcf measurement for the first time, using this method.

10ic ,



This work makes up part of the aerosol research program which was
carried vi.' wh the funds of the US Public Health Service, Washington,
D. C, (U.S.P.H.S. Grant RG 6743 (02). and the State of California Dmpart
ment of Public Health, Berkeley, California (Standard Agreement 79).
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